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Summary

Recent reports show that 5-amino-4-imidazole carboxamide riboside
(AICAR), a pharmacological activator of AMP-activated protein kinase
(AMPK), inhibits the lipopolysaccharide (LPS)-induced production of proin-
flammatory cytokines. MRL/MPJ-Faslpr (MRL/lpr) mice show an intrinsic
decreased threshold for the production of inflammatory mediators when
stimulated. In our current studies, we sought to determine if AMPK activation
would inhibit inflammatory mediator production in stimulated kidney
mesangial cells. Cultured mesangial cells from MRL/lpr mice were treated
with AICAR and stimulated with LPS/interferon (IFN)-g. AICAR decreased
dose-dependently inducible nitric oxide synthase (iNOS), cyclooxygenase-2
and interleukin-6 production in LPS/IFN-g-stimulated mesangial cells.
Mechanistically, AICAR inhibited the LPS/IFN-g-stimulated PI3K/Akt
signalling inflammatory cascade but did not affect LPS/IFN-g-mediated
inhibitory kappa B phosphorylation or nuclear factor (NF)-kB (p65) nuclear
translocation. Treatment with the adenosine kinase inhibitor 5�-
iodotubercidin blocked the ability of AICAR to activate AMPK and prevented
AICAR from inhibiting the LPS/IFN-g-stimulated PI3K/Akt pathway and
attenuating iNOS expression. Taken together, these observations suggest that
AICAR inhibits LPS/IFN-g-induced Akt phosphorylation through AMPK
activation and may serve as a potential therapeutic target in inflammatory
diseases.
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Introduction

MRL/lpr mice develop a lupus-like disease similar to human
systemic lupus erythematosus (SLE). In both species, the
pathophysiology includes immune abnormalities affecting T
cells, B cells and cells of the innate immune system. The
pathogenesis of lupus nephritis involves immune complex
deposition coupled with inflammatory mediator production
leading to damage of the kidney glomerulus. Mesangial cells
are macrophage-like cells resident in the kidney, possessing
both immune and vascular functions. We and others have
shown that mesangial cells, similar to macrophages, produce
nitric oxide (NO), superoxide (O2

-) and other inflammatory
mediators in response to lipopolysaccharide (LPS), inter-
feron (IFN)-g and interleukin (IL)-1b [1–3]. Because of their
smooth muscle properties, they also have important func-
tions in regulating local blood flow. While low-level consti-
tutive NO production by mesangial cells is physiological and
important in regulating renal blood flow, elevated levels of

NO, produced either by mesangial cells or macrophages, may
induce tissue damage directly or by reacting with O2

- to form
highly toxic peroxynitrite (ONOO-) [2,4]. Induced NO pro-
duction occurs in a number of inflammatory renal diseases,
including SLE. Reports show that inducible nitric oxide syn-
thase (iNOS) expression is elevated in renal tissue of lupus
patients and there is evidence of nitrated proteins in kidneys
from lupus mice [1,5,6]. Other inflammatory mediators
released by mesangial cells, such as cytokines [i.e. IL-6 and
tumour necrosis factor (TNF)-a] and eicosanoids, also have
pathogenic roles in lupus [7]. Lupus nephritis is character-
ized by the activation of mesangial cells leading to the
uncontrolled release of inflammatory mediators. Without
a therapeutic intervention, lupus nephritis in MRL/lpr
mice, as well as in humans, progresses to end-stage renal
disease.

AMP-activated protein kinase (AMPK) is an enzyme that
participates in the cellular response to metabolic stress.
Believed to function as a ‘low fuel warning system’ of the
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cell, AMPK activity is elevated strongly by conditions that
elevate the cellular AMP : adenosine triphosphate (ATP)
ratio, such as depletion of growth factors or glucose, or
treatment with the pharmacological mimetic 5-amino-
4-imidazole carboxamide riboside (AICAR) [8]. Once acti-
vated, AMPK phosphorylates numerous metabolic enzymes
causing a global inhibition of biosynthetic pathways, thus
conserving energy, and an activation of catabolic pathways,
thus generating ATP. AMPK may also be activated by patho-
logical stresses (i.e. oxidative stress), exercise and adipose
tissue-derived hormones [9,10]. It is likely that AMPK also
acts to limit inflammation, as recent reports have shown that
AICAR inhibits TNF-a and IL-1b–induced nuclear factor
(NF)-kB reporter gene expression dose-dependently in
immune cells [11–14] and iNOS and cyclooxygenase-2
(COX-2) expression in stimulated macrophages [15].
Because of these reported anti-inflammatory effects of
AICAR, we hypothesized that AICAR may decrease inflam-
matory mediator production in lupus mice mesangial cells
by attenuating the LPS/IFN-g-mediated signal transduction
cascade.

Materials and methods

Animals

Eight-week-old female MRL/lpr mice were purchased from
the Jackson Laboratory (Bar Harbor, ME, USA). Mice were
maintained under specific pathogen-free conditions and
used between 6 and 8 weeks of age, prior to the onset of
disease. Mesangial cells were isolated from at least five mice
by renal dissection, differential sieving and collagenase diges-
tion, as we have described previously [16], and pooled for
experimental procedures. Cultures were examined to ensure
that they were homogeneous for expression of mesangial cell
morphology and positive for a-smooth muscle actin after
three to seven passages. Cultures were maintained at 37°C
and 5% CO2 in a humidified atmosphere in Dulbecco’s
modified Eagle’s medium (DMEM)/F-12 media, supple-
mented with 10% fetal bovine serum (FBS) and antibiotics.

Reagents

The IFN-g was purchased from PharMingen (San Diego, CA,
USA), while FBS and DMEM/F-12 were from gibco (Gaith-
ersburg, MD, USA). The protein assay kits were purchased
from BioRad (Hercules, CA, USA). Anti-iNOS Type II anti-
body was purchased from Transduction Laboratories
(Lexington, KY, USA), while antibodies to AMPK, phospho-
(Thr172)-AMPK, Akt, phospho-Akt (Ser473), inhibitory
kappa B (IkB)-a and phospho-IkB-a were from Cell Signal-
ing (Beverly, MA, USA). Compound c was purchased from
Calbiochem (EMD Biosciences, San Diego, CA, USA).
All other reagents, including 5′-iodotubercidin, LPS,

epigallocatechin-gallate (EGCG) and metformin (were pur-
chased from Sigma (St Louis, MO, USA).

Experimental protocol

In each experiment, mesangial cells were plated on 100 cm2

plates, serum starved and pretreated with indicated concen-
trations of AICAR. Cells were then stimulated with LPS
(1 mg/ml) and IFN-g (100 ng/ml) for the indicated treatment
times, during which AICAR media was maintained. In
some experiments, the adenosine kinase inhibitor 5′-
iodotubercidin (0·1 mM) or compound c (20 uM) was also
added to the cells 30 min prior to AICAR pretreatment.

Flow cytometry

Mesangial cells were treated with increasing amounts of
AICAR for 16 h, washed with phosphate-buffered saline and
trypsinized. Apoptosis/necrosis was evaluated using annexin
V-fluorescein isothiocyanate (FITC)/propidium iodine (PI)
staining, as described previously [17]. Samples were analysed
by flow cytometry using a fluorescence activated cell sorter
(FACS)Calibur and CellQuest software (BD Biosciences, San
Jose, CA, USA). Laser excitation wavelength was set at
488 nm. The green signal from annexin V-FITC was mea-
sured at 525 nm and the red signal from PI was measured at
620 nm.

Nitrite production

Supernatants were collected 24 h after stimulation and
analysed for nitrite concentration (a stable reaction product
of NO with oxygen) as described after conversion of nitrate
to nitrite using nitrate reductase, G6P, nicotinamide adenine
dinucleotide reduced (NADPH) and glucose-6-phosphate
dehydrogenase (G6PDH) (Roche-Boehringer Mannheim,
Indianapolis, IN, USA) [18]. Briefly, supernatants were
analysed by mixing an equal volume of sample with Griess
reagents (1% sulphanilamide and 0·1% naphthylethylenedi-
amene in 2·5% H3PO4) in a 96-well plate and the absorbance
determined at 550 nm. The concentration of nitrite was cal-
culated from a standard curve produced by the reaction of
NaNO2 in the assay.

Real-time reverse transcription–polymerase chain
reaction

Cellular RNA was extracted by lysing cells with RNeasy kit
reagents (Biorad, Hercules, CA, USA) and mRNA was con-
verted to cDNA, as described previously [19]. Real-time
polymerase chain reaction was performed with the Sybr
green method on a BIO-RAD IQ5 thermocycler using spe-
cific primers targeting iNOS (forward: CAGCTGGGC
TGTACAAACCTT, reverse: CATTGGAAGTGAAGCGTT
TCG), IL-6 (forward: ATCCAGTTGCCTTCTTGGGA
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CTGA, reverse: TAAGCCTCCGACTTGTGAAGTGGT),
COX-2 (forward: AAAGGTTCTTCTACGGAGAGAGT
TCA, reverse: CTGGGCAAAGAATGCAAACA) and
glyceraldehyde-3-phosphate-dehydrogenase (GAPDH)
(forward: AACTTTGGCATTGTGGAAGGGCTC, reverse:
TGGAAGAGTGGGAGTTGCTGTTGA) (Integrated DNA
Technologies, Coralville, IA, USA). The relative fold induc-
tion of corresponding target genes was calculated using the
delta-delta-Ct method.

Western blotting

Cellular protein was collected by lysing pelleted cells with
cell-lytic M cell lysis buffer supplemented with proteinase
inhibitor and sodium orthovanadate. Cell lysate protein
concentration was determined using the Bradford protein
assay and equal amounts of protein were loaded onto a
polyacrylamide gel and electrophoresed prior to transfer to
a polyvinylidene difluoride membrane. Membranes were
blocked in 5% non-fat milk/Tris-buffered saline-Tween 20
and then incubated overnight at 4°C with the indicated
primary antibodies and visualized after secondary antibody
incubation using the enhanced chemiluminescence +
chemiluminescence kit (Amersham, GE Healthcare, Piscat-
away, NJ, USA).

Preparation of nuclear extract

Nuclear extracts were prepared utilizing nuclear and cyto-
plasmic extraction reagents nuclear extraction and cytoplas-
mic extraction reagents and protocol (Pierce Biotechnology,
Rockford, IL, USA). Briefly, extracts were prepared by lysing
pelleted cells in 200 ul of ice-cold hypotonic lysis solution
(10 mM HEPES, pH 7·9, 10 mM KCl, 1·5 mM MgCl2) and
vortexing vigorously for 15 s. Subsequently, 11 ul of Nonidet
P-40 was added to the lysate, vortexed for 15 s and centri-
fuged at 16 000 g for 5 min. The resulting pellet was washed,
resuspended in 50 ml of hypertonic lysis solution [20 mM
HEPES, pH 7·9, 420 mM NaCl, 1·5 mM MgCl2, 0·2 mM eth-
ylenediamine tetraacetic acid, 25% glycerol], incubated for
5 min at 4°C, and centrifuged at 16 000 g for 10 min. Super-
natant containing the nuclear extract was removed, quanti-

fied with the dichloroacetate protein assay kit and stored at
-80°C.

Enzyme-linked immunosorbent assay

The IL-6 and TNF-a levels in supernatants were quantified
by enzyme-linked immunosorbent assay as per the manu-
facturer’s instructions (R&D Systems, Minneapolis, MN,
USA).

Statistics

Results shown represent means � standard error of the
mean, with n = 3 unless stated otherwise. Statistical analysis
was performed by anova with post hoc analyses or Student’s
t-test, where appropriate, using GraphPad Prism version 4.0
for Windows (GraphPad Software, San Diego, CA, USA).

Results

The AICAR decreases iNOS, COX-2 and IL-6
production in LPS/IFN-g-stimulated mesangial
cells in a concentration-dependent manner

Mesangial cells from MRL/lpr mice were chosen to investigate
whether AICAR prevented inflammatory mediator produc-
tion, given their role in the regulation of kidney homeostasis.
It has been reported widely that increased IL-6, COX-2 and
iNOS gene activation are associated with inflammatory lupus
[18,20–22]. Mesangial cell cultures established from 8-week-
old female mice were treated with various concentrations of
AICAR prior to the addition of LPS/IFN-g. After 12–24 h of
LPS/IFN-g stimulation, cell mRNA, protein and supernatant
were assayed for inflammatory mediator production. Our
results show that AICAR blocked iNOS production in
LPS/IFN-g-stimulated mesangial cells in a concentration-
dependent manner. Although message levels of iNOS did not
reach statistical significance, there was a trend for a decrease
with AICAR administration (P = 0·07, Fig. 1a) and protein
levels were reduced by 1·0 mM AICAR (P < 0·05, Fig. 1b).
Concordantly, NO production in the supernatants as mea-
sured by Griess reaction was also reduced (P < 0·05, data not

�

Fig. 1. 5-amino-4-imidazole carboxamide riboside (AICAR) inhibits lipopolysaccharide (LPS)/interferon (IFN)-g-induced increases in

inflammatory mediator production in mesangial cells in a concentration-dependent manner. Mesangial cell cultures from MRL/lpr mice were serum

starved at confluency and pretreated with AICAR at the concentrations indicated for 16 h. Next, cells were stimulated with LPS/IFN-g for the

indicated times. (a) AICAR administration reduced inflammation dose-dependently, as evident by cellular mRNA of inducible nitric oxide synthase

(iNOS), cyclooxygenase-2 (COX-2) and interleukin (IL)-6 analysed by real-time reverse transcription–polymerase chain reaction and normalized to

glyceraldehyde-3-phosphate-dehydrogenase (GAPDH). (b) Equal amounts of cellular protein were measured for iNOS and COX-2 by Western blot

after 12 h. (c) AICAR also reduced iNOS levels dose-dependently with only a 1-h pretreatment prior to LPS/IFN-g stimulation, as evident by

cellular protein and supernatant nitrite levels. (d) AICAR attenuated iNOS levels whether cells were serum starved [1% fetal bovine serum (FBS)]

or given regular (10% FBS) media during AICAR pretreatment and LPS/IFN-g stimulation. Blots are representative of three experiments and

densitometry analysis was conducted relative to b-actin. *P < 0·05; †P = 0·07 for effect of treatment.
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shown). The anti-inflammatory effect of AICAR was also
apparent when cells were pretreated with AICAR for only 1 h
and then stimulated for 24 h with LPS/IFN-g, as evident by
dose-dependent reductions in cellular protein levels of iNOS
and supernatant nitrite, as assessed by Griess reaction
(Fig. 1c). Of interest, the effect of AICAR was intensified
during a serum starved state compared with when the cells
were cultured in 10% FBS. However, the same pattern of
iNOS attenuation was evident in both cases (Fig. 1d). AICAR
also reduced the levels of COX-2 mRNA (P < 0·05, Fig. 1a)
and tended to reduce cellular protein (Fig. 1b). In addition,
AICAR reduced IL-6 mRNA (P = 0·05, Fig. 1a) and there was
a trend for a reduction in IL-6 protein in the supernatants of
LPS/IFN-g-stimulated cells treated with 1·0 mM AICAR
compared with non-treated cells (P = 0·10). TNF-a levels
were unaffected by AICAR administration (data not shown).

The AICAR did not induce apoptosis

We sought to determine whether exposure of AICAR
decreased cell viability. We used annexin V and PI to stain the
cells after 16 h of AICAR exposure and cell viability was
determined by flow cytometry. We found that there was no
difference in cell viability at 0·05, 0·1 and 0·5 mM concen-
trations of AICAR; however, at 1·0 mM AICAR there was a
slight increase in necrosis and apoptosis of the mesangial
cells, indicating that elevated levels of AICAR may be toxic to
serum starved cells (Table 1). While it is true that overnight
serum starving may induce stress and decrease viability in
the cells, the activation of AMPK also decreased inflamma-
tory mediator production in the non-serum starved state
(Fig. 1d), indicating that AICAR’s anti-inflammatory effects
are not due to stress.

The AICAR activates AMPK

Previous studies have shown that AMPK is activated by
treatment with AICAR after conversion by adenosine kinase
to the AMP analogue, AICA riboside monophosphate
(ZMP). To explore the mechanism of inflammatory media-
tor inhibition in AICAR-treated mesangial cells, we mea-
sured phosphorylation of AMPK by Western blot with and
without LPS/IFN-g challenge in AICAR (1 mM) pretreated
cells (Fig. 2a). Without the addition of AICAR, AMPK-P
levels were low. The addition of AICAR increased AMPK-P,

whereas addition of LPS/IFN-g alone had no effect on the
phosphorylation state of AMPK. When cells were pretreated
with AICAR and then stimulated with LPS/IFN-g, AMPK-P
levels were elevated similarly. These studies indicate that

Table 1. 5-amino-4-imidazole carboxamide riboside (AICAR) administration and cell viability.

0 mM (control) 0·05 mM AICAR 0·1 mM AICAR 0·5 mM AICAR 1·0 mM AICAR

Necrotic 8·71 � 2·38 9·17 � 1·55 6·64 � 2·43 6·92 � 1·94 13·76 � 9·46

Necrotic/apoptotic 19·60 � 4·21 18·24 � 3·71 20·16 � 3·23 28·48 � 4·35 37·37 � 3·91

Live 63·96 � 6·30 64·60 � 4·82 64·76 � 5·22 55·40 � 5·30 39·48 � 8·35

Apoptotic 7·89 � 1·01 7·97 � 1·52 8·46 � 0·76 9·17 � 1·82 9·37 � 1·05

Mesangial cells were treated with AICAR at the concentrations indicated for 16 h and apoptosis and necrosis were determined using annexin

V/propidium iodine staining and analysed by flow cytometry. Data are shown as percentage of total cells.
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Fig. 2. 5-amino-4-imidazole carboxamide riboside (AICAR) activates

AMP-activated protein kinase (AMPK) in mesangial cells, which is

blocked by pretreatment with 5′-iodotubercidin, and AMPK

activation is not affected by lipopolysaccharide (LPS)/interferon

(IFN)-g stimulation. (a) Mesangial cells from 8-week-old MRL/lpr

mice were pretreated with or without AICAR (1 mM) for 24 h and

stimulated with LPS/IFN-g for 15 min to 4 h. Equal amounts of

cellular protein loaded onto gels were measured for AMPK activation

by Western blot, using antibodies for AMPK and phospho-(Thr172)-

AMPK. (b) When mesangial cells were pretreated with

5′-iodotubercidin (0·1 uM) 30 min prior to the addition of AICAR

(1 mM) for 15 min to 16 h, AICAR was unable to activate AMPK. (c)

Metformin treatment for 1 h also activated AMPK in mesangial cells,

as did epigallocatechin-gallate (EGCG) (50 uM), which was not

affected by LPS/IFN-g stimulation (d). Blots are representative of

three experiments and densitometric data are expressed as AMPK-P

relative to total AMPK levels. *P < 0·05; †P = 0·066 for effect of

treatment.
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AMPK is activated strongly by AICAR, whereas LPS/IFN-g
alone does not affect activation of AMPK.

We also sought to determine if other AMPK activators
would have similar effects on AMPK activation in MRL/lpr
mesangial cells. We used metformin because of its ability to
stimulate AMPK specifically [23]. Our results show that
metformin activated AMPK dose-dependently (Fig. 2c).
EGCG, a green tea extract reported widely to activate AMPK
[24], also effectively activated AMPK, and was not affected
by LPS/IFN-g treatment (Fig. 2d).

5�-Iodotubercidin blocks AMPK activation

To investigate whether the anti-inflammatory effect of
AICAR on mesangial cells is mediated via AMPK activation,
we used the adenosine kinase inhibitor 5′-iodotubercidin.
This compound blocks AMPK activation by preventing the
intracellular conversion of AICAR to its active metabolic
form, ZMP, by adenosine kinase. Mesangial cells were pre-
treated with 5′-iodotubericidin (0·1 mM) for 30 min prior to
the addition of AICAR (1 mM), and AMPK activation was
measured from 15 min to 16 h after AICAR addition
(Fig. 2b). Pretreatment with 5′-iodotubercidin resulted in
abrogation of AMPK phosphorylation at all times measured.

The AICAR attenuates LPS/IFN-g-induced iNOS
expression through AMPK activation

Because of the fact that AICAR has been shown to inhibit
AMP deaminase, leading to the accumulation and subsequent
release of adenosine into the extracellular space [25–27], it
was essential to determine whether the anti-inflammatory
effects of AICAR were attributed to AMPK activation or
enhanced adenosine levels. Adenosine plays a major role in
the control of renal function by regulating processes such as
renal blood flow, glomerular filtration by vasoconstriction of
the afferent arteriole, renin secretion and tubuloglomerular
feedback, but it can also block inflammation [28,29].Adenos-
ine is released by the cell either directly through a transporter
or as a result of cell damage. Enzymatic-mediated hydrolysis
of extracellular adenine nucleotides, such as ATP, adenosine
diphosphate (ADP) and AMP, increases extracellular adenos-
ine levels. Just as intracellular adenosine is metabolized
rapidly by adenosine kinase to AMP [30], AICAR is metabo-
lized to ZMP. As an AMP analogue, ZMP can mimic the
AMPK-activating effects of AMP.

We therefore treated mesangial cells with the adenosine
kinase inhibitor 5′-iodotubercidin to prevent AICAR conver-
sion to ZMP and subsequent AMPK activation. It was rea-
soned that if the anti-inflammatory effects of AICAR were
due solely to the activation of AMPK, then the addition of
5′-iodotubercidin would prevent AICAR from blocking
inflammatory mediator production. Cells were pretreated
with 5′-iodotubericidin (0·1 mM) and different concentra-
tions of AICAR for 16 h prior to 24 h stimulation with

LPS/IFN-g. Inducible-NOS protein levels were measured
by Western blot. Stimulation of the cells with LPS/IFN-g
resulted in iNOS expression, and the addition of
5′-iodotubercidin prevented AICAR from attenuating the
increase in iNOS protein levels (Fig. 3a), indicating that
AICAR-induced reductions in iNOS expression are depen-
dent upon AMPK activation. As an additional confirmation
that AMPK activation was responsible for the reduction in
iNOS, we also pretreated mesangial cells with compound c
(AMPK inhibitor [31]) for 30 min prior to AICAR addition
and LPS/IFN-g stimulation (Fig. 3b). Compound c (20 mM)
also prevented AICAR from attenuating iNOS expression,
confirming that AMPK activation was responsible for the
anti-inflammatory effect of AICAR.

The AICAR does not inhibit IkB/NF-kB activation in
stimulated mesangial cells

The NF-kB transcription factor complex plays a central role
in regulating the inflammatory, immune and anti-apoptotic
responses in mammals [32–34]. Of note, LPS and IFN-g act
synergistically to activate the iNOS promoter by stimulating
the binding of several transcription factors, including
NF-kB, IFN regulatory factor-1 and C/EBP to their respec-
tive cognitive sites [35–37]. LPS/IFN-g induces phosphory-
lation of IkB and, once phosphorylated, IkB dissociates from
the NF-kB complex and is subsequently degraded. The lib-
erated NF-kB translocates rapidly into the nucleus where it
engages kB enhancer elements and activates gene expression
of inflammatory proteins such as IL-6.
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Fig. 3. 5-amino-4-imidazole carboxamide riboside (AICAR)

attenuation of inducible nitric oxide synthase (iNOS) in

lipopolysaccharide (LPS)/interferon (IFN)-g-stimulated mesangial

cells is abrogated by inhibition of adenosine kinase using

5′-iodotubercidin. Mesangial cells from 8-week-old MRL/lpr mice

were serum starved and pretreated with either 5′-iodotubercidin

(0·1 uM) or compound c (20 uM) for 30 min prior to the addition of

AICAR for 16 h, then stimulated with LPS/IFN-g for 24 h (a and b

respectively). Cellular protein was collected and equal amounts loaded

onto gels for determination of iNOS protein levels by Western blot

using anti-iNOS/NOS Type II. Blots are representative of three

experiments and densitometric data are expressed relative to b-actin.
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Considering the critical role of NF-kB in regulating iNOS
transcription and inflammatory protein production [38], we
tested whether AICAR treatment regulated IkB or NF-kB in
mesangial cells. Mesangial cell cultures were pretreated with
AICAR (1 mM) for 24 h and then stimulated with LPS/
IFN-g for 15 min to 4 h. Cytosolic and nuclear fractions were
isolated and IkB, IkB-p and NF-kB protein levels were
assessed by Western blot. Twenty-four-hour exposure to
AICAR alone did not affect the IkB phosphorylation or
nuclear translocation of NF-kB. Subsequent addition of
LPS/IFN-g resulted in increased phosphorylation of IkB
(Fig. 4a) and translocation of NF-kB (p-65 subunit) to the
nucleus (Fig. 4b) within 30 min of challenge. These results
show that AICAR did not mediate LPS/IFN-g-induced phos-
phorylation of IkB or NF-kB translocation to the nucleus.

The AMPK activation blocks LPS/IFN-g-induced
phosphorylation of Akt

The LPS-induced PI3-kinase/Akt signalling pathway has
been shown to play an important role in inflammatory
responses. We therefore sought to determine whether AICAR
decreased the PI3K/Akt inflammatory pathway triggered by
LPS/IFN-g. Mesangial cells were serum starved, pretreated
with AICAR and stimulated with LPS/IFN-g for 24 h. Akt
phosphorylation was measured from 15 min to 4 h after
stimulation. Our results show that LPS/IFN-g treatment
induced Akt phosphorylation at ser473 within 15 min of
stimulation, while pretreatment with AICAR reduced sig-
nificantly the phosphorylation of Akt (Fig. 5a). To determine
whether AICAR-mediated inhibition of the LPS-induced-
PI3K/Akt signalling pathway was through AMPK, the
cells were given 5′-iodotubercidin (0·1 uM) 30 min prior

to the addition of AICAR (Fig. 5b). Treatment with 5′-
iodotubercidin blocked AICAR from inhibiting Akt-P, indi-
cating the importance of AMPK in AICAR regulation of the
LPS-induced-PI3K/Akt pathway in mesangial cells.

Next, we sought to determine if other AMPK activators
(metformin and EGCG) would have similar effects on block-
ing Akt activation. Mesangial cells were pretreated with
either EGCG or metformin and stimulated with LPS/IFN-g
for various times, and Akt phosphorylation was determined.
While EGCG effectively inhibited Akt phosphorylation
(Fig. 6a), metformin pretreatment did not decrease signifi-
cantly LPS/IFN-g-induced Akt activation (Fig. 6b).

Discussion

Several studies have examined the role of AMPK activation
in cells using AICAR as an AMPK agonist [39,40]. However,
the study of how AMPK activation can reduce the produc-
tion of inflammatory mediators has been less explored.
Recent studies provide evidence that AICAR reduces inflam-
matory mediators [12,13]. The extent to which AICAR is
successful and the mechanism by which it acts appear to be
cell type-dependent. For example, Giri et al. reported that
AICAR pretreatment abrogated LPS-induced expression of
proinflammatory cytokines IL-1b, IL-6 and TNF-a in rat
primary astrocytes, microglia and peritoneal macrophages,
with AMPK suggested to play an important role [12].
However, in RAW 264·7 macrophages, AICAR’s anti-
inflammatory effects appeared to be independent of AMPK
[13]. These studies led us to test the effects of AICAR on
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inflammation in cells instrumental in kidney inflammation
and disease progression in a mouse model of SLE.

The AICAR is a cell-permeable compound whose phos-
phorylated metabolite activates AMPK in a variety of cell
types [8]. Incubation of rat hepatocytes with the non-
phosphorylated AICAR results in accumulation of the
monophosphorylated derivative, ZMP [41]. Within the cell,
ZMP mimics the activating effects of AMP on AMPK, i.e.
direct allosteric activation of phosphotransferase activity of
AMPK [42]. AMPK is a heterotrimer consisting of a catalytic
a-subunit and non-catalytic b- and a-subunits [43]. Several
isoforms of each subunit, termed a1 or a2, b1 or b2 and g1,
g2 and g3 are known [43]. AMPK is a multi-substrate protein
kinase, which appears to play a central role in response to
metabolic stress and regulates numerous functions within
the cell [44]. It is thought that the AMPK system evolved to
protect cells against ATP depletion by inhibiting biosynthetic
pathways while stimulating energy-generating pathways
[40]. Unlike other methods for activating AMPK in intact
cells, AICAR does not perturb the cellular concentrations
of ATP, ADP or AMP [10,45]. We investigated the effects
of AICAR-induced AMPK activation on inhibition of
the inflammatory signalling cascade in mesangial cells
isolated from MRL/lpr mice. We provide evidence that
phosphorylation/activation of AMPK by AICAR profoundly
inhibits LPS/IFN-g-stimulated inflammatory mediator
production.

The mechanism of AICAR’s anti-inflammatory effects has
not been elucidated completely, and may depend upon
the cell type studied. AICAR is known to increase AMPK
activation, but it also increases the pool of intracellular
adenosine, an effect that can be enhanced further

with administration of the adenosine kinase inhibitor
5′-iodotubercidin. Adenosine mediates a diverse array of
biological functions, including heart rate, blood pressure,
pain and nerve conduction, in addition to inflammation
[29]. In the kidney, adenosine plays a major role in homeo-
stasis and anti-inflammatory effects mediated through its
receptor. The adenosine A2A receptor has emerged as a criti-
cal regulator of immune function and inflammation and is
expressed on cells of haematopoietic origin, including T
cells, neutrophils, platelets, macrophages, monocytes, den-
dritic cells and mesangial cells [46–48].

To distinguish between the anti-inflammatory mecha-
nisms of AICAR mediated through AMPK from those
of adenosine, we used the adenosine kinase inhibitor
5′-iodutubercidin. We demonstrated that the activation of
AMPK, rather than increased adenosine, is involved in
LPS/IFN-g-mediated iNOS expression in mesangial cells.
Similarly, we showed that AICAR treatment and AMPK
activation corresponded with an abrogation of the LPS-IFN-
g-induced phosphorylation of Akt. While EGCG, another
AMPK activator, effectively inhibited Akt phosphorylation,
surprisingly, metformin (another well-characterized activa-
tor of AMPK) did not block the LPS/IFN-g-induced Akt
phosphorylation. These results are intriguing, and several
possible explanations exist: first, the fact that AMPK can be
phosphorylated at different sites, including a-Thr172,
a1-Ser 485, a2-Ser491, Ser497 and Ser1179 [49,50]. Differ-
ences in sites of phosphorylation of AMPK can affect its
ability to regulate other intracellular enzymes [49]. Current
studies in our laboratory are aimed at detailing where AMPK
is phosphorylated with different activators in order to clarify
this issue. It is also possible that the level of AMPK activation
following metformin was not sufficient to inhibit LPS/IFN-
g-induced Akt phosphorylation, as Thr172 phosphorylation
following metformin did not appear as strong as with EGCG
or AICAR. One additional explanation could be that both
EGCG and AICAR act not only to induce AMPK activation,
but also act on other intracellular proteins to inhibit
LPS/IFN-g-induced Akt phosphorylation. Although this
possibility exists, treatment with 5′-iodotubercidin pre-
vented AMPK activation and subsequent LPS/IFN-g-
induced increases in Akt-p were not attenuated by AICAR.
These studies suggest that the inhibition of the LPS/IFN-g-
induced PI3K/Akt pathway in MRL/lpr mesangial cells was
mediated through AMPK.

The iNOS promoter exhibits homologies to binding sites
for numerous transcription factors known to be involved
in the LPS-cytokine-mediated induction of transcription.
Co-activators that are involved in iNOS promoter activation
have been reported to involve the binding of p300 to the
iNOS promoter and activation of Akt [51,52]. IL-6 is a
multi-functional cytokine that plays a central role in both
innate and acquired immune responses, and is the predomi-
nant mediator of the acute phase response, an innate
immune mechanism which is triggered by infection and
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Fig. 6. Epigallocatechin-gallate (EGCG) and metformin affect

differentially lipopolysaccharide (LPS)/interferon (IFN)-g-induced

activation of Akt. (a) Mesangial cells from 8-week-old MRL/lpr mice

were pretreated with EGCG (50 uM) for 1 h and then stimulated for

the indicated times with LPS/IFN-g for assessment of Akt activation.
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Akt activation. Blots are representative of three experiments and
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inflammation. IL-6 plays multiple roles in the development
of acquired immunity against incoming pathogens, includ-
ing regulation of cytokine and chemokine expression, stimu-
lation of antibody production by B cells and regulation of
macrophage and dendritic cell differentiation. IL-6 levels
have been shown to be elevated in chronic inflammatory
conditions, such as SLE [53,54]. Our studies show that LPS/
IFN-g-induced IL-6 production and iNOS expression are
attenuated by the activation of AMPK.

Activation of the IkB/NF-kB pathway has been demon-
strated to be involved in LPS-induced iNOS expression and
NO release in RAW 264·7 macrophages. In our experiments
using AICAR, we did not observe a decrease in LPS-induced
IkB phosphorylation or NF-kB translocation. However, it is
possible that AMPK affects the ability of NF-kB to induce
nuclear transcription. Recent studies indicate that post-
translational modification of NF-kB is critical for its tran-
scriptional competence. It is possible that in mesangial cells,
AICAR interferes directly with the binding of NF-kB to
DNA, as observed recently by Kuo et al. in macrophages and
microglial cells [15].

In conclusion, through AMPK activation, AICAR inhibits
the LPS/IFN-g-stimulated PI3K/Akt-mediated pathway, but
does not inhibit significantly NF-kB translocation to the
nucleus in MRL/lpr mesangial cells. These studies delineate,
in part, the signal transduction pathways modulated by
AMPK activation and show that AMPK activation can
inhibit inflammatory mediator production in stimulated
cells. Taken together, these studies show that AICAR acts as
an anti-inflammatory agent by activating AMPK and suggest
that targeting AMPK specifically may reduce chronic inflam-
mation in diseases such as SLE.
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